On-line condition monitoring and real-time fault detection are essential to protect power transformers from unscheduled outage of services. The core earth signals (CES) are valuable for fault detection and diagnosis of power transformers, as they are related to multiple transformer defects and faults, such as core multi-point earthing fault and core deep saturation. Moreover, the CES also contain valuable information of transient impulses intruded into power transformers such as very fast transient overvoltage (VFTO) impulses. This paper develops a novel power transformer condition monitoring system (NCMS), which makes full use of CES to detect and diagnose the external impulses and internal defects and faults. Firstly, the NCMS carries out the wide-band measurement of CES. Secondly, the NCMS obtains data from supervisory control and data acquisition system (SCADAS), dissolved gases analysis (DGA) system, and other monitoring systems, and correlates these data using grey relational analysis (GRA). Finally, the NCMS detects the impulses and diagnoses defects and faults based on the correlation relationships, then presents the monitoring results to the users. This novel system has been applied to the field and successfully diagnosed many defects and faults. It has high accuracy (< 3%) at the power and harmonic frequencies and possesses the capability to capture VFTO-pulses.
I. INTRODUCTION
The iron core forms the main magnetic flux loop of a power transformer. Due to the consideration of the electric field distribution, the core must be earthed by one-point [1] . In addition to power and harmonic frequency signals, many pulse signals, such as the pulse produced by partial discharge (PD) [2] , arcing [3] , and external impulses [4] , can also couple to the core through the stray capacitances between the windings and core [5] , [6] . All these signals finally flow to the earth The associate editor coordinating the review of this manuscript and approving it for publication was Vincenzo Piuri . through the core earthing conductor, forming the core earth signals (CES). Theoretically, making full use of CES can detect and diagnose multiple impulses, defects, and faults of a power transformer.
Earlier research based on CES only attempted to detect specific faults using part of the components of CES. For instances, Feng et al. [7] measured periodically (5 minutes) and calculated the RMS of the low-frequency components (< 500 Hz) of CES to monitor the core multi-point earthing fault. Fuhr [2] used high-frequency CT (0.2 -30 MHz) to capture PD pulses during PD test and took spectrum analysis and phase resolving partial discharge (PRPD) analysis to detect PD and locate PD source. Seo et al. [3] utilized the vibration signals and electrical pulses (0.35 -35 MHz) simultaneously when the on-load tap changer operated. They also used the wavelet transforms to identify arcing pulses. Cheng et al. [8] and Du et al. [9] used radio-frequency CTs (0.1 -1.5 MHz) for off-line PD detection. All these approaches have accomplished their tasks but showed deficiencies. Due to the limited bandwidth and intermittent sampling, they only extracted part of the features of the signals they have acquired.
In addition, to make full use of CES for accurate fault detection and diagnosis, there exist the following facts.
• The power transformer is the equipment which manifests many physical and chemical phenomena, such as electrical, magnetic, mechanical, thermal, and chemical ones. So, one defect or fault may produce multiple signals according to different mechanisms. For example, PD activities are always accompanied by an electrical signal, ultrasonic signal, electromagnetic signal, and chemical signal emissions [10] - [13] .
• As power transformers are often electrically and sometimes physically connected with gas-insulated substations (GIS) and generators, abnormal signals detected in the power transformer may be caused by other equipment, such as switch operation impulse intrude into power transformer [9] , [14] . These facts mean that an isolated and specific monitoring system utilizing one symptom may provide a false alarm or missed alarm, in one hand. On the other hand, the existing monitoring systems failed to pay sufficient attention to the couplings of signals produced via different mechanisms or emanated from adjacent equipment. Instead, these couplings may be perceived via correlation analysis of information available in other systems [15] - [17] , such as supervisory control and data acquisition system (SCADAS), dissolved gases analysis (DGA) system, and other monitoring systems of the power transformer and its connected equipment. Therefore, an effective condition monitoring system using CES should analyze the CES with consideration of the couplings and correlation, including the following two steps. Firstly, the condition monitoring system should obtain knowledge of the working condition data, operational state data, operational event data, and environment data of the power transformer and its connected equipment. Secondly, the condition monitoring system should carry out a correlation analysis for multi-source data (the CES measurement data and the obtained data) to diagnose the defects and faults.
Based on the above reviews and analysis, a novel condition monitoring system (NCMS) for power transformers is proposed in the paper, which makes the following two improvements:
• CES wide-band measurement: it measures all kinds of signals in CES through wide-band measurement while the published systems only measure a part of them.
• Multi-source data correlation analysis: it analyses the CES features, correlating with obtained data, while those known systems almost only analyze their measurement data. The proposed NCMS mainly includes the following three functional layers: 1) CES measurement, 2) multi-source data correlation analysis, and 3) fault diagnosis and result presentation. Layer 1 captures all kinds of signals in CES and extracts their features in real-time. Layer 2 carries out correlation analysis based on grey relational analysis (GRA) to identify the relationships among the multi-source data. Layer 3 analyzes those relationships to detect and diagnose the defects and faults and presents the monitoring results to the users. These layers and some applications will be further elaborated in the following sections.
II. CHARACTERISTICS OF CES AND KEY TECHNOLOGIES A. CHARACTERISTICS OF CES
The power frequency (and harmonic) leakage current in the core earthing conductor, is generally known as core earth current. Many studies also show that the PD and arcing signals can be coupled to the core earthing conductor too. Moreover, during the applications, we found that the pulse signals, caused by very fast transient overvoltage (VFTO), can also be detected in the core earthing conductor. These three kinds of signals have different characteristics.
1) CHARACTERISTICS OF CORE EARTH CURRENT
The characteristics of the core earth current can be summarized as follows: 1. The amplitude may vary from milli-Ampere level to Ampere level; 2. there exist multiple frequency components (power frequency and its harmonics); 3. the RMS is related to the working conditions of power transformers, especially the winding voltages.
2) CHARACTERISTICS OF PD AND ARCING PULSES
The characteristics of PD and arcing pulses can be summarized as follows: 1. The amplitudes are related to the discharge intensity; 2. the frequencies vary from tens of kHz to tens of MHz [18] ; 3. the distribution of pulses has phase-related characteristics (PRPD).
3) CHARACTERISTICS OF VFTO-PULSES
VFTO, which may cause winding deformation, insulation damage, and clamp looseness, has been identified as the main cause of power transformer faults [19] , [20] . Therefore, almost all power transformers are equipped with anti-VFTO devices, and some of them are equipped with VFTO recording devices, which is costly. The VFTO may be generated by a switch operation of disconnector switch and circuit breaker in the GIS [21] , [22] . The amplitude of VFTO is generally less than 2.5 p.u. Fig. 1 illustrates a typical VFTO waveform generated by closing a no-load bus in the GIS, from which the following frequency characteristics of the VFTO can be observed: VFTO, once initiated, will travel along with the power network and propagate to the transformers and act on the windings [23] . The high-frequency signals on the winding will generate leakage currents to the core with the same frequencies, through the stray capacitances between the winding and the core. In other words, the VFTO arriving at a transformer will cause VFTO-pulses in CES with the same characteristic at frequency. Moreover, VFTO-pulses also has the following characteristics: 1. Synchronization in time: a VFTO-pulse is always initiated at the same instant when a switch is operated. 2. The instantaneity of occurrence: the operation of the switch is usually completed in an instant. 3. Special trend: the amplitudes and interval times of the VFTO-pulses caused by closing switch will gradually decrease, while those of the VFTO-pulses caused by opening switch will gradually increase [24] .
B. MEASUREMENT APPROACH OF CES
According to the aforementioned characteristics of CES, we proposed a wide-band and uninterrupted measurement approach of CES, which includes the following three keys:
• Wide-band sensing: the sensor has sufficient bandwidth to capture all kinds of signals in CES.
• Uninterrupted sampling: the uninterrupted sampling mode acquires both steady-state and transient signals.
• Real-time and comprehensive feature extraction: the data processing software can extract all signal features in one sampling window, which is important to ensure the continuity of uninterrupted measurement. These keys are achieved through the following steps.
1) WIDE-BAND SENSING
A purpose-made CT with wide-range (1 mA -10 A) and wide-band (10 Hz -100 kHz) is used to sensor CES. It can effectively capture the core earth current, the low-frequency components of PD and arcing pulses, and the basic frequency components of VFTO-pulses.
2) SIGNAL CONDITION
A front conditioning adapter is designed to amplify the CT output signals according to its RMS (if RMS ≤ 100 mA, amplification = 250; if RMS > 100 mA, amplification = 5). It also converts the amplified signals into 4 -20 mA for longdistance anti-infective transmission.
3) UNINTERRUPTED SIGNAL SAMPLING
Before sampling, a converter is used to convert the signals of 4 -20 mA to −10 -10 V and filter them by an antialiasing filter (< 500 kHz). Then an A/D card, of which the sampling rate is 1 million samples per second (MS/s) and with a resolution of 12 bits, is employed to sample the signals uninterruptedly. Meanwhile, the sampling data is packaged every 100 ms (5 power cycles) and sent to the data processing software, as shown in Fig. 2 .
4) REAL-TIME FEATURE EXTRACTION
A data processing software is designed to extract all the features of CES in real-time (tests show that it only takes about 60ms to extract all the features of 100ms sampling data). This software contains three steps, as follows.
Step 1. Extracting time-domain features. Firstly, the RMS, positive value and negative value of each power cycle will be calculated. Secondly, the above features of 5 power cycles will be counted to extract the maximum value, minimum value, and RMS.
Step 2. Extracting low-frequency features. Firstly, the lowfrequency (< 1000 Hz) components will be separated by resampling since the software filtering is time-consuming and has truncation & divergence errors. Secondly, the FFT algorithm will be used to analyze the spectrum of the resampled components and extract the RMS of each characteristic frequency (power frequency and its harmonics). Thirdly, these RMSs will be corrected according to (1) , because the gain of the CT varies with frequency (< 10 kHz, see Fig. 3 ) due to the theoretical errors [25] , [26] .
where I RMS−i and I RMS−Ci are the RMSs of characteristic frequency i before and after correction, respectively; C i is the correction coefficient that is measured by experiments. Step 3. Extracting pulse features. Firstly, according to the comparison of the maximum-to-minimum value and the preset dynamic threshold value S (S = 8σ . σ is the standard deviation of background noise calculated dynamically), we can determine whether there exist pulses of interest in the CES. Secondly, if the result is positive, every pulse will be extracted according to the fluctuation characteristics of the waveform. Meanwhile, the features of each pulse (such as amplitude, duration time, rise time, main-frequency) also will be extracted. Thirdly, the pulse types can be recognized based on their features.
C. CORRELATION ANALYSIS TECHNOLOGY
Correlation analysis is to mine the relationships among different items in big data. Therefore, the bases of correlation analysis contain the following two points:
• Constructing the data set. • Mining the relationships among different items in the data set. In this paper, the system we designed obtains different data by communicating with other systems and stores them in local databases. These obtained data and measured data of CES construct the multi-source data set. On the other hand, we improved the GRA to mine the relationships among different data in the data set. GRA determines the relationship between two time-series based on their relational coefficient. GRA's algorithm is clear and simple, which provides great convenience for correlation analysis of multi-source data.
1) DATA COMMUNICATION
The system we designed can communicate with other systems through the safe Power Station Communication Network (PSCN) to exchange data. Then, it will save the received data in the local database. Table 1 shows examples of some of the received data.
2) TRADITIONAL GRA If a reference time sequence X is subjected to multiple time sequences C k (k = 0, 1, . . ., m), an analysis method can be used to calculate the grey relational degree (GRD) between X and C k to express the influence of C k on X . This method is known as GRA [27] , [28] .
Let X = {x(1), x(2), . . ., x(i), x(n)}, C k = {c k (1), c k (2), . . . , c k (i), c k (n)}. The relational coefficient of X and C k at time-point of t is ε k (t), as shown in (2).
where ρ is the resolution coefficient (typical value is 0.5 [27] ); ''min k min i |x(i) − c k (i)|'' is the two-stage minabsolute difference, which can be calculated by the following steps (''max k max i |x(i)−c k (i)|'' is the two-stage max-absolute difference and calculated in the same way):
• Calculating the minimum of |x(i)c k (i)| as min-k. • Calculating the minimum of all min-k. Therefore, the GRD of the X and C k can be calculated by:
However, the traditional GRA is susceptible to the two-stage minimum and maximum absolute differences, which means the GRD will be influenced when there is a maximum or minimum in the C k or X . It is also influenced by ρ and cannot express the negative relationships [29] . Thus, the analysis steps of GRA need to be improved.
3) AN IMPROVED GRA
Firstly, normalize the sequences based on (4) to reduce the influences caused by extremum.
where x n (i) is the normalized sequences of X and c kn (i) is the normalized sequences of C k . Secondly, obtain the delta sequences X = {x(1), x(2), . . ., x(n-1)} and C k = { c k (1), c k (2), . . ., c k (n)}, according to (5) .
Thirdly, to express the negative relation between X and C k , we use the trends to calculate the relational coefficient of each VOLUME 7, 2019 point t (t = 2, . . . , n-1) based on (6) and (7) .
where α and β are the weighted coefficients, α +β = 1. Lastly, the GRD between the X and C k can be calculated from the GRA theorem, as given below in (8) .
In practical applications, when the |GRD| between X and C is > 0.5, it means they are related.
III. NOVEL CONDITION MONITORING SYSTEM (NCMS)
A. SYSTEMATIC STRUCTURE NCMS is designed with a ''multi-layer-distributed'' structure, where the functional layers are grouped by their goal, and the working modules are placed in different physical locations according to their tasks, as shown in Fig 4. The functional layers include:
• Layer 1: CES wide-band measurement. • Layer 2: multi-source data correlation analysis. • Layer 3: fault diagnosis and result presentation. Each module has been given knowledge of how all plant items behave. The main equipment and key parameters that should be used for NCMS are listed in Table 2 . 
B. SCHEME OF CES WIDE-BAND MEASUREMENT
Using the measurement approach detailed in section 2.2, three sequential working modules of layer 1 work together to complete the function of measurement.
• Sensing module: the purpose-made CT is clamped on the core earth conductor to sense the CES.
• Conditioning module: the front conditioning adapter is used to perform signal conditioning.
• Measuring module: an acquisition device placed on a position suitable for inspection is used to sample the CES and extract its features uninterruptedly.
C. SCHEME OF MULTI-SOURCE DATA CORRELATION ANALYSIS
Based on the analysis approaches detailed in section 2.3, three collaborative working modules of layer 2 work cooperatively to achieve the correlation analysis.
• Communication module: this module is connected to the PSCN to exchange data with other systems.
• Real-time correlation analysis module: Firstly, this module detects the abnormal features of CES based on threshold comparison (almost all features or their change rate have prescribed limits, Table 3 shows examples of some of these limit values). Secondly, when there are abnormal features of CES, this module will collect some abnormal factors that may contribute to these abnormal features based on real-time communication and multisource correlation analysis. Finally, this module will send the analysis results to layer 3 for the diagnosis of transient defects and faults.
• Trending correlation analysis module: This module will analyze the relationship between the changing trend of CES features and the changing trend of received data periodically (15min or longer) based on multi-source correlation analysis, which can extract the factors that may relate to the trend of CES features. Then, this module will send the analysis results to layer 3 for the detection and diagnosis of incipient defects and faults.
D. SCHEME OF FAULT DIAGNOSIS AND RESULT PRESENTATION
According to the results of multi-source correlation analysis, layer 3 can diagnose the faults combining with expert knowledge and will present the results to users. 
1) DIAGNOSIS OF TRANSIENT DEFECTS AND FAULTS
If the results from ''real-time correlation analysis module'' show that the times are synchronous between abnormal factors and CES features, the ''diagnosis of transient defects and faults module'' will carry out the following steps:
• Firstly, this module judges whether the abnormal CES features are caused by these abnormal factors.
• Secondly, if these abnormal factors are the causes of abnormal CES features, this module will identify and diagnose the transient defects or faults based on expert knowledge and manual analysis.
2) DIAGNOSIS OF INCIPIENT DEFECTS AND FAULTS
If the results sent by ''trending correlation analysis module'' show that there is(are) factor(s) related to the trends of CES features, the ''diagnosis of incipient defects and faults module'' will carry out the following steps:
• Firstly, checking the relation(s) for abnormal, according to expert knowledge.
• Secondly, if there are abnormal relations between the trends of CES features and factors, identifying and diagnosing the incipient defects or faults based on the expert knowledge and manual analysis.
3) RESULTS PRESENTATION
This module includes three interactive sub-modules with different objectives, which details are given as follows.
• Message pushing: it can send a short message to users through the 4th Generation (4G) communication.
• Data presentation: it provides an operating window, which includes multiple user interactions.
• Data download: it provides several USB interfaces for external storage devices to download data.
E. DATA STORAGE
To record important data and facilitate future analysis for faults recollecting, we designed a storage module in this layer to store data. This module divides the stored data into two parts: stable data and unstable data, as shown in Fig. 5 . Stable data includes CES features, obtained data, and statistics of them. Unstable data contains the results of the diagnosis, such as abnormal features, defects, and faults. Fig. 6 shows the practical implementation architecture of NCMS in the Xiangjiaba Hydropower Plant (Yibin, Sichuan, China). This plant has eight power transformers of 500 kV / 1000 MW, all equipped with NCMS in December 2015.
IV. IMPLEMENTATION ARCHITECTURE
In this work, the devices of CES measurement (including sensors, a front conditioning adapter, a LAN-switch, and an acquisition device) are installed in the transformer room. The devices of features analysis and results presentation (including an industrial computer with monitor, a LAN-switch, and a 4G short message transmitter) are installed in the secondary equipment control room near the running room. The industrial computer can obtain data from the external systems, as shown in Table 4 .
As described previously, the CT has a relative error in low-frequency, which can be corrected by (1) . Therefore, we calculated the correction coefficients Ri of each characteristic frequency through calibration experiments, as shown in Table 5 . Accordingly, we have applied this correction coefficients to practical applications. Meanwhile, we counted the errors in different plants (Table 6) , which showed the errors were less than 3%.
V. APPLICATIONS AND DISCUSSIONS
The NCMS has been successfully applied to more than 40 power transformers in different plants and substations, it has been approved by users. Fig. 7 shows the CES measurement results of 8T of the Xiangjiaba Hydropower Plant at a steady-state. These results are basically the same as those measured by a clamp meter, which proves the following conclusions: 1. Resampling can filter most of the higher frequency interference and keep the low-frequency component. 2. This measurement can capture the power frequency with harmonics and extract their features accurately. Table 7 . These features fully matched with the description of VFTO-pulse in the expert knowledge base, which the NCMS recognized them as VFTO-pulses. Meanwhile, NCMS requested data from external systems, which replied that there were five disconnecting switches (DS) opening operations (50412, 50411, 50421, 50422, and 50416, as shown in Fig. 9 ) in GIS at the time. Since the DS does not have arc extinguishing capability, when they were opened, there may be arc re-burning during the contacts, and generated VFTO. As the circuit breakers (CB, 5041,5042, and 5043) did not open, the VFTO could travel through the CB and finally arrive at the 7T and 8T. The processes of VFTO propagating to 7T and 8T are as follows:
A. APPLICATION IN STEADY-STATE
• Operation 1 (opening 50412): the VFTO could propagate up to 4M (and then travel through other lines to 3M) and down to 3M, and arrive at 7T and 8T.
• Operation 2 (opening 50411): the VFTO could only propagate down to 3M and arrive at 7T and 8T.
• Operation 3 (opening 50421): the VFTO could only propagate up to 4M, and then travel through other lines to 3M, finally arrive at 7T and 8T.
• Operation 4 (opening 50422): the VFTO could only propagate up to 4M, and then travel through other lines to 3M, finally arrive at 7T and 8T. • Operation 5 (opening 50416): the VFTO could not propagate to 3M / 4M and could not arrive at 7T / 8T. Therefore, there were four times that the VFTO generated by DS opening in GIS intrudes into 7T and 8T. Fortunately, the NCMS of 7T and 8T had measured all pulses. Therefore, we further confirmed those pulses were DS opening VFTO-pulses. To prove the reliability of the identification results, we paid attention to NCMS when those switches were closed at 03:02 January 19, 2016 (closing order is 50416, 50412, 50411, 50421, and 50422). Not unexpectedly, the NCMS detected pulses four times again (as shown in Fig. 8-b ) and identified them as DS closing VFTO-pulses.
C. DIAGNOSIS OF SUDDEN FAULT
2T is the distribution transformer of the Huizhou substation (Huizhou, Guangdong, China). On April 19, 2018, the NCMS equipped on 2T detected that the power frequency RMS of CES increased from 7.5 mA to 351 mA, and the power frequency RMS of clamp earth current increased from 21.5 mA to 351 mA. The waveform of CES and clamp earth current are shown in Fig. 10 .
Moreover, the increased CES was the same as clamp earth current (amplitude and phase). Meanwhile, the NCMS analyzed the relationships among CES, clamp earth current, and other received data, and found that the RMSs of CES and clamp earth current were only related to the voltage of 2T, as shown in Table 8 . These relationships also can be found in the trend waveform, as shown in Fig. 11 .
On the one hand, the RMSs of CES and clamp earth current were increased suddenly to exceed the limit threshold (100 mA), which tended to indicate core and clamp multipoint grounding fault. On the other hand, the RMSs of CES and clamp earth current were the same, which tended to indicate that the core short-circuited to the clamp. Take an example shown in Fig. 12 , when the core connects to the clamp at some-one point, there will be a loop during the core, clamp, and the earth. This loop can couple the main-flux ϕ and generate a larger circulation I , which can be calculated by the following equation:
where R is the resistance of this loop; U the rated voltage of the power transformer; K is the coupling coefficient between the loop and the main-flux, and K is the conversion coefficient from voltage to main-flux. Therefore, I and U are linearly correlated, which explains exactly the relationships shown in Table 8 and Fig.11 .
During the overhaul, the site engineers found that one core lamination of the iron-yoke was warped and connected to the clamp. It was consistent with the diagnosis of NCMS.
D. DIAGNOSIS OF INCIPIENT FAULT
6T is the main power transformer of a 150 MW generator in the Gezhouba Hydropower Plant (Yichang, Hubei, China). This power transformer has been replaced twice because of the abnormal increase of dissolved gases in the oil (eliminating the causes of cool system and man-induced). The second replaced transformer had been tested for PD detection, DC resistances of windings & core to earth. All test results were normal. Thereafter, the new transformer was equipped with NCMS. During the operation, the NCMS had repeatedly detected a significant increase in CES (see Fig. 13 ) and warned the users immediately (but there was no cause to be identified). At the same time, the dissolved gases detected by monthly oil-chromatography analysis was increasing (see Table 9 ).
Meanwhile, the trending correlation analysis of NCMS automatically calculated the GRD between RMS of CES and obtained data from external systems once a day, but there wasn't any relationship among them. Therefore, we retrieved the historical data and analyzed them with site engineers. We found that when the RMS of CES was high, the active power and reactive power were greater, but the terminal voltage was lower (see the black box in Fig. 13 ). This phenomenon meant that the winding current was higher at that time, which could make the core more saturated. In this case, the leakage flux would increase and cause local overheating. When the overheating lasts long, the insulation strength would deteriorate and decompose before producing characteristic gases dissolved in the oil. Therefore, we thought that the unhealthy working conditions caused the core deep saturated.
Accordingly, the taps of 6T were tuned-down and the reactive power was limited, which the winding current could be decreased. Since then, the CES and the dissolved gases never increased again (see the green box in Fig. 13 ). That proved the above analysis was credible. In this case, due to the uninterrupted measuring, the NCMS has effectively captured the increase of CES, which was the key to the successful diagnosis of this fault. Whereas, the interrupted measurement by running maintainers through a clamp meter has never detected the increase of CES.
VI. CONCLUSION
This paper presents a novel condition monitoring system (NCMS) for power transformers based on CES wide-band measurement and multi-source data correlation analysis. In the field applications, the NCMS has effectively captured and detected the VFTO-pulses and accurately diagnose core multi-point earth fault and core deep saturation fault. These applications prove the practicability and reliability of NCMS, in one hand. On the other hand, the implementation and installation of NCMS are convenient and simple without influencing the normal operation of transformers. Thus, NCMS provides a new way to detect and diagnose multiple defects and faults with safe and low-cost.
However, the NCMS has some deficiencies. For example, it has not detected any PD signals up to now. There may be two reasons: the sensing band is not wide enough to capture PD signals coupled to the core earthing line, or there has been no PD occurring in the transformers that have been equipped with NCMS.
